Tumor directed gene therapy for the purpose of destroying cancer cells through replicative "oncolysis" or by intratumoral expression of toxic or immunostimulatory genes requires an efficient, tumor targeted vector. Vectors are limited by inefficient replication in vivo, inefficient tumor targeting, and safety concerns. As a unique approach to addressing these limitations, our laboratory has studied poxviruses as tumor selective replicating vectors. The best in vivo antitumor results achieved to date have been with a mutated WR strain of vaccinia virus. The unique advantage of this strain of vaccinia over other vectors currently being explored for this purpose is the efficiency of in vivo replication. Intradermal injection of 10 6 pfu of the wild type ( non -mutated ) vaccinia in non -human primates leads to a 108 cm 2 zone of necrosis in 8 days -directly related to cellular destruction from viral replication. We have mutated the virus through insertional deletion of both the thymidine kinase ( TK ) gene and vaccinia growth factor ( VGF ) gene. The mutant virus no longer causes destruction of normal tissue, but has completely preserved replication efficiency in tumor tissue and can safely be delivered systematically to successfully treat subcutaneous tumors in mice. Plans are now underway for clinical trials.
M ost modern anticancer therapies are based on the concept that the neoplastic process leads to changes in cellular function that make the tumor cell more sensitive to toxic insults than normal tissue. Modern chemotherapy and radiotherapy exploit a fairly modest window of differential sensitivity, making their therapeutic index small. This small therapeutic index prohibits dose escalation in resistant tumors and limits their effectiveness. The goal in developing new therapies for the treatment of cancer is to develop agents with high toxicity to the tumor cell with minimal pathogenicity to normal tissue. The concept that a virus might contain the necessary discriminatory power to treat human cancers has been around for sometime; however, their exploitation for this purpose has not been feasible until recent advances in our understanding of modern molecular genetics, immunology, and virology. Currently, a variety of custom -tailored viral vectors are under investigation as anticancer agents including adenovirus, herpes simplex virus, reovirus, Newcastle disease virus, and vaccinia virus. Several of these vectors have demonstrated proof of principle in preclinical models and are being tested in clinical trials. Phase I trials have confirmed the safety of these approaches as well as demonstrated some evidence of efficacy.
We have chosen to focus on the development of vaccinia virus for the treatment of cancer because we believe that it has advantages as an oncolytic virus over other vectors further along in development. (a ) It has a quick, efficient lifecycle, forming mature virions in just 6 hours after infection. ( b) It spreads efficiently cell -to -cell, thus increasing the efficacy of in vivo infection. (c ) It has a large genome that can accept over 25 kb of inserted DNA without deletions. In addition, vaccinia virus carries its own strong promoters capable of achieving very high levels of transgene expression. (d ) It can infect a wide range of human tissues but does not cause any known human disease. ( e) Lastly, there is a large body of knowledge about its biology and extensive experience with it clinically as part of the smallpox vaccination program. Much has been published about the ability of recombinant vaccinia viral constructs to induce an immune response against tumor-associated antigens for the immunotherapy of cancer; however, very few reports have focused on this vector as an oncolytic cancer therapy vector. This report will focus on our experience with the preclinical development of an oncolytic, replication -selective vaccinia virus as an agent for the treatment of human cancers. Specifically, we will discuss the unique features of vaccinia viral biology that make it particularly attractive as an anticancer treatment. We will review our work in creating a tumor-selective variant of the western reserve ( WR ) strain of vaccinia virus. Lastly, we will examine what we consider to be the critical hurdles to clinical application of this vector, and strategies to overcome these impediments.
Vaccinia virus biology
The biology of poxviruses makes them suitable for adaptation to oncolytic vectors. Vaccinia virus is a member of the poxviridae family, which is divided into two major subfamilies, Chordopox (vertebrate pox ) and Entomopox ( insect pox viruses), based on the host range, sequence homology, and antigenicity. 1 Vaccinia virus is the prototypical orthopoxvirus that has the longest and most extensive history of use in humans. While Jenner in the 1850s first used the cowpox virus isolated from milkmaids as a vaccine for smallpox, it became clear in the 1930s that the strain being used for the vaccine was genetically distinct from cowpox. Later, this strain was identified as vaccinia. 2 The precise origin of vaccinia virus is difficult to trace, as it has no known natural host -leading some to suggest that it may have arisen from mutations in the cowpox or smallpox viruses. 3 However, it is more likely that vaccinia represents a distinct strain that is extinct in its natural host or so rare that it is difficult to identify naturally.
The extensive use of vaccinia virus for both clinical and research purposes has led to the emergence of multiple strains with unique properties. Several of these strains have been fully sequenced and found to contain double -stranded DNA with inverted terminal repeats and a terminal hairpin loop that mimics a large circular single-stranded DNA. 4, 5 The genome consists of 191,636 bp and encodes for 2063 proteins of 65 or more amino acids. These proteins are used to construct the mature virion, which includes a double membrane. The infectious mature virion or extracellular enveloped virus ( EEV ) is released from the cell by membrane fusion and is responsible for cell -to -cell spread of the virus. The intracellular mature virus (IMV ) is released from the cell upon lysis, and is the form of the virus that is produced under laboratory conditions. The EEV is too fragile to withstand the purification process.
The mechanism of vaccinia attachment and uptake into cells is still under intense investigation. This process is likely to involve the A27L and D8L proteins, which are found in the IMV membrane and appear to bind heparin sulfate and chondroitin sulfate on the cell surface. 6, 7 Fusion is quickly followed by release of viral -transported transcriptional enzymes that transcribe early viral mRNA. These early mRNA typically encode for proteins that are involved with uncoating of the viral DNA and transcriptional factors for intermediate mRNA production. Intermediate mRNA encodes for the late transactivators that lead to late mRNA synthesis. The late proteins include viral structural proteins and early transcriptional factors to be incorporated into the mature virion. 8 Viral DNA replication occurs, forming concatemers, which are then resolved into individual genomes and assembled into mature virions. The mature virus contains three membranes after assembly; the outer fuses with the cell membrane, resulting in release of a double -membrane viral particle (EEV ). The EEV remains attached to the cell surface through the A34R gene product, allowing for cell -to -cell spread of the virus without release into the bloodstream. 9 The EEV form is resistant to antibody neutralization.
It is interesting to note that the vaccinia virus, like the other poxviruses, spends its entire lifecycle in the cytoplasm and has never been shown to integrate into the genome. 8 Vaccinia has very few interactions with host cellular proteins, allowing for rapid, efficient replication without negative effects from host cell defenses. The virus induces a profound cytopathic effect very soon after viral entry, as early viral enzymes completely shut down host cell function. By 4-6 hours after infection, there is almost complete inhibition of host protein synthesis. This allows for very efficient expression of viral genes and viral replication. In fact, approximately 10,000 copies of the viral genome are made within 12 hours of infection; half of these are incorporated into mature virions and released.
The success of vaccinia as an oncolytic vector relies on its efficiency in vivo. This is dependent on the rapidity of replication and spread, and evasion of host defenses. Vaccinia has developed a wide range of immune evasion strategies in order to survive in vivo. Understanding and manipulating these factors may optimize the vector for clinical use. The genome of vaccinia virus and several other pox members encode for multiple factors that are able to subvert the host immune response ( Table 1) . If one examines these factors closely, it is clear that the majority of them encode for proteins that are able to actively suppress both innate immunity and the development T helper 1 (Th1 ) immune response. For example, vaccinia virus has adopted at least three different genes that can block the function of the interferon ( IFN ) family members IFN -a and IFN -b. 10 -12 These factors are secreted by a variety of cells in response to innate danger signals. They can induce an antiviral state and 10 -12 In addition to actively suppressing early innate responses to viral infections, vaccinia also produces several factors that are able to inhibit the development of a Th1 immune response. Vaccinia encodes for at least three factors that can directly block the function of IFN -g, one of the most potent Th1 cytokines. 13, 14 In addition, vaccinia also encodes for the recently described IL -18 -binding protein ( IL-18BP ). 15, 16 IL -18BP is a naturally produced soluble factor that blocks the binding of IL -18 to its cognate receptor. IL-18BP has been shown to be one of the most potent inhibitors to the development of a Th1 -biased immune response. 17 In addition, vaccinia virus also encodes for several other immunosuppressive factors including factors to block complement activation, IL-1b soluble receptor, and soluble TNF receptor antagonist. 18 -21 These observations suggest that subverting the early innate immune response and slowing the development of Th1 responses are important for the efficacy of oncolytic therapy. This has been confirmed in several different models of vaccinia infection. For example, the modified vaccinia virus Ankara ( MVA ) strain is an attenuated strain of vaccinia that was created by serial passage through chick embryo fibroblasts. MVA replicates poorly in mammalian cells demonstrating markedly diminished virulence. 22 The MVA genome has been sequenced and found to contain six large genomic deletions that include loss of the genes that encode for inhibition of IFN -a, IFN -b, FIN -g, TNF, and chemokines, which are felt to be responsible for its striking decrease in virulence. 23 Similarly, Deonarain et al 24 have shown that IFN -a and IFN -b knockout mice demonstrate markedly enhanced susceptibility to vaccinia viral infection.
Other studies have confirmed the critical role of Th1 response to clearance of vaccinia viral infection. Van Den et al 25 examined the effect of Th1 (IFN -g, IL -12 ) and Th2 ( IL-4, IL -10 ) balance in the clearance of vaccinia virus in mice using cytokine knockouts. Vaccinia viral replication was enhanced in IL -12 and IFN -g knockout mice, with IL -12( À / À ) demonstrating greater susceptibility to infection than IFN -g -deficient mice. Interestingly, development of antivaccinia CTL was completely abrogated in IL -12 knockout mice but remained normal in IFN -g( À / À ). In contrast, IL -4 -and IL -10 -deficient mice showed marked enhancement of vaccinia viral clearance, suggesting that these cytokines naturally suppress the host response to vaccinia. IL-10( À / À ) mice exhibited greater inhibition of viral replication than IL -4 -deficient mice. Interestingly, when the effects of each of these cytokines on vaccinia infection were examined in recombinant viral constructs, local expression of IL -4 showed a much greater inhibition of host responses. In fact, while the absence of IL -10 resulted in improved clearance of vaccinia virus that was mediated by increased levels of IL -6 and IL-1, the local expression of IL -10 had little to no effect on viral clearance.
In summary, these studies confirm the importance of the development of Th1 response to successful clearance of vaccinia virus. Taken together, all of these data confirm the important role of both the innate and the Th1 response play in the clearance of vaccinia virus. These findings also are critically important to the continued development of vaccinia viral vectors for the treatment of cancer for, as we will review later, one of the chief obstacles to the clinical application of these vectors for the treatment of human cancers is premature clearance of the virus by the host.
WR strain vaccinia virus as a tumor -selective oncolytic virus
Perhaps the most critical component of a successful oncolytic virus is the ability to induce tissue destruction. The characteristic lesion created by the smallpox vaccine ( vaccinia ) in immunosuppressed hosts is known as vaccinia necrosom, consisting of a spreading necrotic ulcer as a direct result of replicative necrosis. We focused on a strain of vaccinia (WR ) that is considered more efficient than the vaccine used clinically. We observed that 10 6 pfu of a wildtype WR strain of vaccinia, injected intradermally in rhesus macaques, led to a necrotic ulcer of 108 cm 2 in diameter in only 8 days, without systemic spread of the virus (unpublished data ). This ability to quickly spread, express genes, and effectively destroy tissue is unique among current oncolytic viral vectors in clinical and preclinical development. We hypothesize that a tumor-selective replicating form of this strain of vaccinia would have real potential as an ''oncolytic'' virus. We further hypothesize that combination of a tumor-selective variant of this strain with either immunostimulatory genes or suicide genes that could enhance this oncolytic effect would form the basis for an effective treatment for human cancers.
Development of tumor -selective mutant vaccinia
Our initial efforts have focused on mutating the WR strain of vaccinia virus to make it replication-selective in tumor cells. We and others have studied the wild -type virus and found that after intravenous injection, the highest amount of virus can be recovered from the tumor, the second highest from the ovary, and minimal to no virus is recovered from other organs. 26, 27 The natural tropism of this virus to tumor is surprising and the mechanism of this is not established. Historically, smallpox virus was noted to have tropism for injured and irritated skin. 28 This is thought to be secondary to histamine release, leading to leaky vasculature allowing for transfer of the virus out of the circulation. Vaccinia is a large virus particle ( 350 nm in diameter ) and would require leaky vasculature for extravasation into tissues. Notably, the tumor and ovarian follicles are both known to be sites of vascular endothelial growth factor ( VEGF ) production and leaky vasculature. 29 We have demonstrated by immunohistochemistry that vaccinia tropism to the ovary is specific for ovarian follicles. 30 We first studied a virus with the thymidine kinase (TK ) gene deleted. 31 This deletion forces the virus to be dependent on host cell nucleotides, which are more available in dividing cells compared to resting cells. This TK virus demonstrates tumor selectivity over other tissues. This was demonstrated
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Development of a replication-selective, oncolytic poxvirus HJ Zeh and DL Bartlett in numerous tumor models, including murine colon cancer and melanoma, rat sarcoma, human colon cancer in nude mice, and rabbit kidney cancer. 32 As demonstration of the selectivity and efficiency, we showed that this virus can be injected intravenously or intraperitoneally and be taken up into a subcutaneous tumor, replicate in the tumor, and lead to an antitumor response. 33 This effect is directly related to intratumoral vaccinia replication, and not a bystander inflammatory response. The effect is enhanced in athymic / nude mice, which cannot mount an effective immune response against the virus 34 ( Table 2) . As we will discuss later, the effect can be enhanced with enzyme /prodrug suicide gene systems 35 and by using hyperthermia to increase vascular permeability and increase viral extravasation into the tumor ( unpublished data ).
In order to further improve the specificity of this virus for tumor replication, we mutated the vaccinia growth factor ( VGF ) gene in parallel with the TK gene. 36 VGF is a protein that is expressed early by vaccinia virus and is secreted by infected cells. It binds growth factor receptors on surrounding resting cells and stimulates them to proliferate. 37 This will increase the available nucleotides in these resting cells, thus compensating for the loss of viral TK. We hypothesized that deleting both the TK and VGF genes would lead to near complete abrogation of replication in resting cells and further attenuate the virus, without decreasing the ability of the virus to replicate in the tumor environment. The double -deleted virus was made and tested, and found to have markedly enhanced tumor specificity (Figs 1 and 2 ). This virus could be given systemically at doses of 10 8 pfu to a nude mouse without pathogenicity, and led to significant regression in established subcutaneous tumors (Fig 3 ) . 36 This doubledeleted virus was tested in rhesus macaques and was found to be completely nonpathogenic when delivered intravenously at doses up to 10 9 pfu (unpublished data ). Intradermal inoculation at 10 6 pfu demonstrated no viral replication ( compared to the 108 cm 2 necrotic ulcer from the wild type ). Nevertheless, 4 days after intravenous virus delivery, equal titers of wild -type and double -deleted virus could be recovered from subcutaneous tumors in mice. The doubledeleted virus demonstrated marked attenuation in vivo with preserved intratumoral replication. This mutated virus shows significant promise and two of these vectors have been made in clinical grade for clinical trials -one with a suicide gene and somatostatin receptor imaging gene for clinical trials.
One limitation to mutating a virus for selective replication in dividing cells is potential toxicity to other dividing cells in vivo. Vaccinia can efficiently infect almost all cell types in vitro, and it is hard to imagine delivering this systemically to animals or humans without significant pathogenicity. Other sites of dividing cells known to suffer toxicity from chemotherapy agents such as bone marrow -derived cells and gastrointestinal mucosa are not affected by systemic vaccinia in our murine, rat, rabbit, or primate studies. We hypothesize that the large virus requires a leaky vasculature for extravasation into tissues in addition to proliferating cells. This leaky vasculature is lacking in the GI mucosa. Despite bone marrow -derived cells having ready access to circulating vaccinia, no bone marrow toxicity is encountered, even in animals succumbing to viral pathogenicity. 36 Bone marrow -derived cells are not infected well by vaccinia for unknown reasons. The one place that we do recover replicating virus is from ovarian follicles. The developing follicle is much like a tumor with developing, leaky vasculature, high levels of VEGF, and replicating cells. 29 Immunohistochemistry demonstrated that the double -deleted vaccinia replicated efficiently throughout developing ovarian follicles, without infection or spread through normal ovarian parenchyma. The wild -type virus, however, spread throughout the ovarian parenchyma and destroyed the ovary. Primates have much fewer developing follicles, and we could not recover any virus from the ovaries of rhesus macaques after intravenous injection.
We have demonstrated both safety and efficiency with a double -deleted WR vaccinia virus in murine models and safety in the rhesus macaque model. However, the challenge of large, slow -growing human tumors may be greater. A virus mutated for selective replication in dividing tumor cells may not replicate as efficiently in slow -growing human tumors compared to the murine tumor models (although our experience with slow -growing human tumor xenografts in nude mice suggest that the vector will be effective ). Therefore, it would be helpful to have other strategies to enhance the tumor selectivity of the vector.
Creation of viral mutants that take advantage of transformed phenotype
Virus mutations, which take advantage of the transformed phenotype and innate cellular resistance to apoptosis rather than the rate of cell division, may demonstrate enhanced efficiency in slow -growing tumors. The natural host cellular response to viral infection is apoptosis; therefore, viruses have evolved with genes, which encode for proteins that inhibit cellular apoptosis. The E1B protein of adenovirus plays such a role by binding to p53 and inhibiting its function. E1B -deleted adenovirus has diminished ability to replicate in normal host cells, but preserved replication in Cancer Gene Therapy
Development of a replication-selective, oncolytic poxvirus HJ Zeh and DL Bartlett tumor cells. 29, 38 While there has been noted controversy with the exact mechanism, the concept is sound and may be studied in other viruses. Poxviruses have some well -known inhibitors of apoptosis. The most widely studied is the CrmA gene from cowpox, which inhibits ICE, a downstream mediator of apoptosis. 29, 39 The vaccinia homologue of this gene encodes for the serpin, SPI -2. 40 This and a similar protein, SPI -1, have both been shown to inhibit cellular apoptosis and have been deemed ''host range genes'' based on limited in vitro replication in defined host cell lines after their deletion. 29 There has been much studied and continued controversy over the role of apoptosis in vaccinia replication. Much of what has been reported has been in transformed cell lines in vitro, which likely have inherent resistance to apoptosis. 41 In vivo studies are lacking. Also conflicting is the fact that viral -induced apoptosis is usually through a different pathway (e.g., IFN signal transduction ) than that taken advantage of by suppressor gene mutations in tumors ( e.g., p53 ). Nevertheless, we hypothesized that these host range genes may play a role in viral replication in nontransformed cells, and their deletion would therefore provide a selective advantage to tumor cells. Our preliminary studies have supported this hypothesis. This advantage would be best borne out in in vivo studies. In addition to SPI -1 and SPI -2, four other host range genes have been identified. 42 We are currently studying K1L and C7L deletion mutants alone and in combination with Spi deletions in vitro and in vivo.
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Creation of tissue -specific vaccinia viral recombinants One obvious means of increasing tumor specificity and decreasing pathogenicity of vaccinia is to alter the viral surface proteins. The mechanism of uptake of vaccinia virus into cells is not clearly understood. There is no defined receptor for vaccinia virus uptake. The purified form of virus used in clinical trials is the intracellular mature virion (IMV ), whereas cell -to -cell spread of the virus in vivo occurs through the extracellular enveloped form of the virus (EEV )
Numerous proteins have been identified on the surface of the EEV. One in particular, the A34R, appears to play a significant role in viral release from cells as well as viral infection of neighboring cells.
9 A34R is a type II transmembrane protein with the C -terminus in the extracellular domain. Virus that is deleted of this gene fails to form normal -sized plaques in vitro and is markedly attenuated in vivo. We generated vaccinia shuttle plasmids creating fusion genes with a full -length A34R gene or a truncated ( 148 nucleotides ) form of the gene fused to a scFv specific for ovarian cells (MOvg specific for folate -binding protein, FBP ). The truncated form lacked the lectin binding domain, which was demonstrated to be essential for normal cell -tocell spread of the virus. We recombined these fusion genes into vaccinia such that the native A34R gene was replaced with the fusion genes. We compared the wild -type, A34R deletion mutant, A34R -Mov full -length ( M168 ), and A34R -Mov truncated (M148 ) for infectivity, plaque morphology, growth curves, and immunofluorescence in different cell lines with or without the FBP. We found that the truncated fusion protein was attenuated in cells lacking the FBP, with a similar phenotype to the A34R -deleted virus. The full -length A34R fusion mutant had a similar phenotype to the wild -type virus. No advantage could be demonstrated for replication in FBP -positive cell lines. While the Mov antibody fusion constructs were stable, we were unable to demonstrate specific binding to FBP -expressing cells, FBP bound to plates, or a MOv anti -idiotype antibody. The fusion was, therefore, nonfunctional (unpublished data ). Other investigators have established stable production of EEV coat protein fusion antibodies without a change in viral tropism. 46 Future investigation of this strategy awaits a better understanding of the precise molecular mechanisms that regulate uptake of vaccinia virus.
Targeting vaccinia to solid tumors with local hyperthermia
We hypothesized that hyperthermia may augment vaccinia delivery to tumors after systemic injection, as hyperthermia increases the permeability of the endothelial vasculature to nanoparticles. We first demonstrated that hyperthermia does not alter tumor cells' susceptibility to the intrinsic cytopathogenicity of the vaccinia virus compared to normothermic controls. Hyperthermia also does not change the viral infectivity or the level of viral marker gene expression when compared to normothermia. We then utilized an in vitro model of endothelial cell monolayer permeability, and 
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Development of a replication-selective, oncolytic poxvirus HJ Zeh and DL Bartlett demonstrated that hyperthermia increases the permeability of the monolayer to vaccinia virus and that this phenomenon is completely reversible. Next, we tested viral delivery, marker gene activity, and antitumor response in vivo with regional delivery of hyperthermia to a subcutaneous flank tumor ( MC -38 ) in immunocompetent mice. We demonstrated that the tumors, which were treated with systemic vaccinia under conditions of hyperthermia ( 41.58C for 30 minutes ), had significantly higher levels of vaccinia marker gene activity ( >100 -fold ) than those treated under normothermic conditions and that this effect was specific to tumor. We also demonstrated that mice with 1 -cm subcutaneous tumors treated with a systemically delivered conditionally replicating vaccinia under conditions of hyperthermia had complete tumor regression in 50%, and significantly improved antitumor response compared to normothermic viral -treated controls ( mean tumor volume of 110 vs 3169 mm 3 , 13 days after treatment), and compared to hyperthermic, nonvirally treated control animals ( unpublished data ). Regional hyperthermia improves vaccinia targeting to tumors, and thereby enhances the antitumor response. This suggests that viral extravasation is one ratelimiting step for successful treatment, and that tissues with a baseline leaky vasculature (such as tumors and ovarian follicles ) may have increased susceptibility to systemically delivered. We have now begun testing regional delivery of vaccinia virus under hyperthermic conditions in primate models. Preliminary observations indicate that this method is safe and effective and can prevent systemic spread of the virus.
In summary, we have developed a highly tumor-specific strain of the WR vaccinia virus. We have shown that this virus in murine models, when given systemically, is able to target tumor cells, infect and express its gene products, and mediate antitumor effects. Furthermore, we have preliminary data suggesting that this double -deleted variant does not demonstrate pathogenicity for normal tissues in primates. The search for additional host range genes, as well as other methods that may allow for more selective replication in tumor cells, will continue. However, it may be that very little additional tumor selectivity is necessary. Therefore, we have turned our attention to other aspects of this system that we perceive to be the impediments to its use clinically. Specifically, two additional hurdles must be dealt with in order to develop an effective antitumor treatment using this vector: ( a) regulation of 
Improving in vivo replication efficacy of vaccinia virus by regulating immune clearance
The immune response to vaccinia viral vectors serves as our paradoxical friend and foe in attempting to develop them into an effective antitumor therapy for human cancers. However, the vigorous immune response is desirable because we believe that with the appropriate guidance, it can be directed to enhance immune -mediated destruction of local and distant noninfected tumor cells (see below ). However, the vigorous immune response leads to premature clearance of the virus before adequate levels of tumor infection have occurred, thus decreasing the level of transgene expression and possibly the overall antitumor efficacy. Our early experience with vaccinia virus has confirmed this to be the case. When we compared infection / replication efficiency in immunocompetent and nude mice after systemic injection of vaccinia -GFP to subcutaneous tumors ( Figs 4 and 5 ) , a higher percentage of cells expresses GFP in athymic / nude mice after 48 hours (up to 60% of cells express GFP ). This problem is especially true in the preimmunized host where our experience has indicated that early clearance of the virus by the host immune response severely limits the antitumor efficacy. There are several strategies that have been investigated to circumvent this problem of premature immune clearance. First, one could create a virus that is less recognizable by the immune system. This could be accomplished by mutating the viral coat of the vaccinia virus to make it less crossreactive with antibodies. However, the poxviridae -and in particular vaccinia virus -is antigenically very complex and it is unlikely that one or two mutations in viral envelope genes could significantly alter antibody recognition. Further, any mutations in the viral envelope may decrease the infectivity of the virus.
Another strategy would be to develop other poxviruses that are able to selectively infect and lyse human tumor cells that do not cross -react with vaccinia. We have initially investigated one such vector, the yaba -like disease (YLD ) virus. 47 The Yabapox genus has species that replicate in human cells and cause limited skin lesions similar to vaccinia inoculations, but do not cross -react with vaccinia virus. The natural host for these viruses is unknown, but they have been isolated from skin lesions in monkey colonies. Almost no prior work had been reported with this virus, so we characterized the virus in terms of plaque morphology, host range, and replication efficiency. We found that we could grow the virus in high titers, similar to vaccinia virus, under normal conditions using CV-1 ( monkey kidney) cells. We discovered that the host range for YLD was more restrictive than that for vaccinia. The virus replicated well in monkey and human cell lines but not in rodent cell lines. The infectivity and plaque formation were a slower, less efficient process than that of vaccinia virus, even in permissive cells. We performed ELISA on YLD -coated plates using vaccinia antiserum and found no reactivity, verifying the supposition that no antibody cross -reactivity exists between vaccinia and YLD. We also performed experiments using a plasmid with the vaccinia synthetic promoter expressing b -galactosidase, which was transfected into YLD -infected cells, demonstrating that the YLD polymerase recognized the vaccinia promoters. In order to recombine a marker gene into the YLD virus, we sequenced the YLD TK gene. Not enough TK homology exists between pox genera to allow for efficient recombination using the vaccinia TK sequence. We created a YLD shuttle plasmid and recombined GFP into the TK locus of YLD. We demonstrated that the YLD -GFP virus could mediate highly efficient gene transfer and expression in monkey and human cells. This was not as efficient as our vaccinia virus constructs, but much more efficient than other vectors that we had investigated, including adenovirus and liposomemediated gene delivery. This YLD virus was tested in vivo. Nude mice with established A2780 human ovarian peritoneal carcinomatosis were infected with YLD virus at 10 8 pfu injected intraperitoneally. Tumor was sampled every 4 days and FACS analysis was performed for GFP expression. By 12 days, 20% of tumor cells expressed GFP (Fig 6) . YLD is a potentially useful vector for vaccination or local injection of tumors, as it appears to be more efficient than other vectors being studied in this regard, but it remains much less efficient than vaccinia virus.
Another approach to circumventing premature clearance of our vaccinia vector is to create a viral recombinant that actively suppresses host cellular immune responses. Several groups have reported that insertion of Th2 -like cytokines such as IL -4 or IL -10 into vaccinia virus increases in vivo viral replication and slows host clearance of infection. 25, 48 However, creation of a virus that is not recognized by the immune system obviously creates serious safety concerns for the population as a whole, as unforeseen events could 
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A third approach to improving in vivo viral replication involves reversible transient host immunosuppression. Because of the growth of knowledge in solid organ transplantation, we now have available multiple immunosuppressive agents that can very precisely target specific pathways of the host immune response. This knowledge, combined with our growing understanding of the immune response to vaccinia virus, should allow us to reversibly slow down the immune response to our vector. This will theoretically allow for more efficient in vivo viral replication in the tumor, higher transgene expression, and greater oncolysis. We hypothesize that this will be a feasible approach with the vaccinia mutant because of the remarkable tumor selectivity that it exhibits. As previously outlined the double -deleted vector demonstrates no pathogenic effect in nude mice when injected systemically at does up to 10 8 pfu. In fact, our preliminary work in this area has suggested that transient immunosuppression can improve the in vivo replication efficiency and antitumor efficacy of the vector. Our early studies have focused on the depletion of immune cells in order to better understand which effector cells are critical for allowing efficient in vivo infection of tumor cells. Antibodies to CD4 and CD8 murine T cells were administered to tumor-bearing mice (subcutaneous MC -38 ), individually or combined, to deplete both populations of T cells. T-cell depletion was verified by FACS analysis. TKdeleted vaccinia expressing b -galactosidase was then delivered intraperitoneally and b -galactosidase expression in the subcutaneous tumor was analyzed. T cell -depleted animals demonstrated a higher peak gene expression level compared to nondepleted animals. Intact animals eliminated the virus ( and b -galactosidase expression ) within 10 days, whereas depleted mice demonstrated prolonged expression throughout the duration of the study. CD4 -and CD8 -expressing T cells contributed equally to immune clearance of vaccinia, and the most prolonged expression was achieved with the combined depletion. We measured IgG and IgM formation against vaccinia and, as expected, we demonstrated no isotype switch to IgG in the T cell -depleted host. This finding may eventually be very important as it may allow for repeat administration of the virus. Finally, we examined tumor responses after delivery of 10 9 pfu of 
Development of a replication-selective, oncolytic poxvirus HJ Zeh and DL Bartlett vaccinia intraperitoneally. We demonstrated significantly improved inhibition of tumor growth in T cell -depleted animals, compared to intact animals. Our experience has also suggested that successful reinfection of a preimmunized host appears to be possible through transient immunosuppression. In a pilot study, when a rhesus macaque was preimmunized with wild -type WR vaccinia virus and reinfected with the same virus, no live virus could be recovered form the animal. However, if these same animals (with high circulating IgG antibodies against vaccinia ) were pretreated with FK -506, prednisone, cyclophosphamide, and complement inhibitor and then reinfected with wild -type virus, the virus spread quickly and was recoverable from the blood and other organs (unpublished data ).
Improving antitumor effects of vaccinia viral -mediated therapy through ''bystander effects''
Because 100% infection and ''oncolysis'' of all tumor cells, even with transient immunosuppression, is unlikely to be achieved in vivo, a successful viral -mediated treatment of cancer must employ some mechanism for bystander cytotoxicity. There are several strategies to creating a bystander effect that are shared by most viral vectors currently being investigated for the treatment of cancer: ( a) incorporation of a toxic transgene into the vector that will allow for killing of uninfected surrounding tumor cells, and ( b ) the use of immunostimulatory genes to create an in vivo oncolysate vaccine.
We have investigated both the purine nucleoside phosporylase gene and the cytosine deaminase gene in our vaccinia system. We have demonstrated significant antitumor effects with each of these systems in a murine model of hepatic metastases 33, 49 (Gnant et al, unpublished data ) . We have also observed that the interaction between the oncolytic effect of the replicating virus and the enzyme/prodrug is quite complex. However, the virus itself can directly infect and kill tumor cells. Nevertheless, the cytotoxic effect of the enzyme /prodrug can directly decrease viral replication. We have explored this relationship in the vaccinia -CD system to better define the advantageous and detrimental interactions between the replicating oncolytic effect of vaccinia virus and the enzyme/prodrug therapeutic effect. 33 In vitro infection of cancer cells with vaccinia -CD at high MOI (>0.1 ) led to cell death secondary to a viral cytopathic effect. Addition of the prodrug had no added effect. At low MOI, no viral alone effect was observed, but the prodrug mediated significant cell death. Importantly, cell lysates demonstrated 300 -fold reduced viral recovery from cells treated with both vaccinia -CD and 5 -FC, compared to vaccinia treatment alone. It 
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Development of a replication-selective, oncolytic poxvirus HJ Zeh and DL Bartlett appears that the converted prodrug ( 5-FU ) has inhibitory effects on viral replication, either by direct interference with viral DNA synthesis or by killing surrounding cells prior to infection by vaccinia virus. We explored this interaction further in vivo in a model of subcutaneous tumor in the nude mouse. Mice injected with vaccinia -CD (with or without 5 -FC treatment) had smaller tumors than the controls, suggesting that replicating vaccinia alone is cytotoxic to tumors in vivo, even after systemic injection (10 8 pfu ). The addition of 5 -FC improved the antitumor response when a low dose of virus was injected into tumors (10 7 pfu ), leading to 50% complete regressions of subcutaneous tumors. 5 -FC treatment resulted in no antitumor advantage after intraperitoneal delivery of 10 8 pfu, compared to virus alone. Of note, compared to mice that received virus alone, those that received vaccinia -CD plus 5 -FC had significantly prolonged survival from viral -mediated death. The addition of the enzyme /prodrug system to a replicating vaccinia virus can improve the antitumor response and decrease viral pathogenicity; however, the complex nature of theses highly interactive systems will require further study. One potential area for improvement would be the development of a vaccinia -specific inducible expression system that would allow for the tight regulation of the toxic transgene.
Another strategy for increasing the bystander effect is through expression of factors that drive an immunologic response to the uninfected tumor cell. This strategy would maintain the high discriminatory capacity already demonstrated by our vector as well as incorporate the exquisite discriminatory capacity of the immune system. Our experience to date with the vaccinia viral vectors has suggested that viral -induced oncolysis alone does not drive an efficient antitumor immune response. This is not surprising when one considers the biology of vaccinia virus. As outlined above, vaccinia has evolved very efficient mechanisms to slow the early development of a Th1 response. Thus, it is not surprising that the wild -type vaccinia virus is not able to efficiently cross -prime the immune system to tumor antigens. We hypothesize that the best way to reverse this process and create an effective in vivo tumor oncolysis vaccine would be through expression of a cytokine capable of driving a Th1 /Tc1 immune response. However, as previously mentioned, one of the chief limitations to efficient in vivo viral replication and high tumor infection rates is premature immune clearance of the virus. Insertion of cytokines would be expected to exacerbate this problem. Our preliminary observations have indicated that insertion of FAS -L into our vector paradoxically decreases its efficacy in immunocompetent animals, presumably by promoting clearance of the virus before a significant percentage of tumor infection has occurred ( unpublished observations ). This decrease in viral replication efficiency has been observed in other recombinant vaccinia systems using cytokine transgenes. Perera et al 49 have demonstrated that recombinant vaccinia containing IL -2 or IL-15 demonstrates markedly reduced replication efficacy in vivo. Similarly, others have shown that recombinant vaccinia virus expression of a variety of cytokines results in marked impairment of in vivo replication efficiency. 50 -52 However, whereas it is clear that premature clearance of the virus is harmful to in vivo viral replication and consequently to the direct oncolytic properties of the virus, it is not as clear that it will diminish the immunostimulatory /vaccination capabilities. 53 Gherardi et al, using a recombinant VV expressing both the IL -12 gene and the HIV-env gene, showed that expression of IL -12 in the replication -competent vector directly decreased the in vivo viral replication efficiency. However, when lower titers of virus were used to inoculate the animal, IL -12 transgene expression resulted in augmentation of the anti -HIV-ENV response. 54 Only empirical testing will tell us whether the enhanced bystander capabilities of a particular cytokine recombinant vaccinia will outweigh the diminution of its direct oncolytic effect. However, creation of an inducible transgene expression system for vaccinia that would allow for the coordinated expression of the immunostimulatory cytokine gene, only after significant in vivo tumor infection had occurred, would theoretically alleviate this concern.
Clinical experience to date
Whereas no clinical trials to date have directly studied vaccinia virus as an oncolytic therapy, there have been numerous trials utilizing a less efficient strain of replicating vaccinia as a vaccine for the treatment of tumors as well as treatment of infectious diseases such as HIV. Replicating vaccinia virus has been delivered as subcutaneous, intramuscular, intratumoral, and intravesical injections in clinical immunotherapy trials without significant side effects. 55 -58 Doses of up to 10 9 pfu have been delivered without significant toxicity. The most relevant data come from a trial reported by Mastrangelo et al where up to 2Â10 7 pfu of replicating NYCBH strain vaccinia expressing GMCSF was directly injected into melanoma deposits. Of seven patients treated, three patients had mixed responses with regression of treated and untreated dermal metastases, one patient had a partial response with regression of injected and uninjected regional dermal metastases, and one patient with only dermal metastases confined to the scalp achieved a complete remission. It is not clear how much of the antitumor effect was secondary to viral replication, but there is hope that with a more efficient replicating virus, large tumors can be eradicated. The general trend in immunotherapy trials has been to move away from replicating poxviruses, and utilize nonreplicating variants and species such as MVA and fowlpox. Our goal has been to take advantage of the profound efficiency of WR strain vaccinia to enhance the direct tumor cell killing, and increase the percent of cells within a tumor expressing a therapeutic transgene.
Conclusion
We have focused on the development of a replicationcompetent vaccinia vector derived from the WR strain for the treatment of human cancers. Through selective deletion of important genes, we have developed a highly tumorselective strain that retains its ability to infect and destroy tumor cells while demonstrating little to no pathogenicity in normal tissues. Like many other replication -competent viral vectors currently being investigated for the treatment of cancer, the clinical utility of this virus is limited by premature immunologic clearance of the virus and inadequate bystander effects. We are actively investigating strategies to circumvent these issues, including transient immunosuppression, creation of inducible transgene expression systems, and insertion of immunostimulatory cytokines to generate in vivo tumor oncolysates that will serve as a vaccine. Compared to other replicating vectors such as herpes and adenovirus, the study of vaccinia virus is in its infancy. We believe that with time and more experience with this vector, some of its unique advantages will prove superior to other viral vectors.
